Titanium and its alloys with various porous structures are one of the most important metals used in orthopaedic implants due to favourable properties as replacement for hard tissues. However, surface modification is critical to improve the osteointegration of titanium and its alloys. In this study, a bioactive magnesium coating was successfully fabricated on porous Ti6Al4V by means of arc ion plating, which was proved with fine grain size and high film/substrate adhesion. The surface composition and morphology were characterized by X-ray diffraction and SEM equipped with energy dispersive spectroscopy. Furthermore, the in vitro study of cytotoxicity and proliferation of MC3T3-E1 cells showed that magnesium coated porous Ti6Al4V had suitable degradation and biocompatibility. Moreover, the in vivo studies including fluorescent labelling, micro-computed tomography analysis scan and Van-Gieson staining of histological sections indicated that magnesium coated porous Ti6Al4V could significantly promote bone regeneration in rabbit femoral condylar defects after implantation for 4 and 8 weeks, and has better osteogenesis and osteointegration than the bare porous Ti6Al4V. Therefore, it is expected that this bioactive magnesium coating on porous Ti6Al4V scaffolds with improved osteointegration and osteogenesis functions can be used for orthopedic applications.
and apoptosis of osteoblast and osteoclast 33 . Furthermore, magnesium exhibited antibacterial properties against Staphylococcus aureus that prevented bacterial attachment and formation of biofilm [34] [35] [36] . Therefore, biodegradable magnesium employed as a coating could be appropriate for medical implants, which is expected to promote drug-enhancing osteo-integration and reduce implant infection compared with conventional metals and coating used today.
In this work, magnesium was fabricated as coating instead of substrate for the first time. The biofunctional magnesium coating was fabricated by arc ion plating, which was proved with fine grain size and high film/substrate adhesion in comparison with other PVD methods 37 . Microstructure, morphology and composition of the magnesium coating were investigated by means of SEM, EDS and XRD. In vitro degradation and ions releasing were measured after immersion in simulated body fluids. Furthermore, cytocompatibility and animal implantation tests were done to evaluate the related cell attachment, viability and bone response in vivo.
Materials and Methods
Materials preparation. The deposition of magnesium coating on Ti6Al4V alloy was processed with a Bulat 6 arc ion plating system 38 , as shown in Fig. 1 . The Ti6Al4V samples with dimensions of Φ 15 × 2 mm 3 and 3D printed porous cylinder with dimensions of Φ 2 × 12 mm 3 and Φ 6 × 8 mm 3 were used as substrate and subsequently for in vitro evaluation and in vivo implantation, respectively. All the samples were polished and rinsed with acetone in an ultrasonic bath for 20 min. A high purity Mg (99.99%) target was used to bombard and sputter the substrate surface with a constant target arc current of 50 A, P Ar = 3.5 × 10 −2 Pa, for 5 min. The current density used in the negative bias voltage application was in the range of 0.12~0.16 A. During deposition, a pulsed power source superimposed a negative pulse bias to the substrates with the following parameters: pulse bias magnitude U p = 100 V, pulse frequency f = 30 kHz, and duty ratio D = 40%; and the following parameters were maintained constant: two arc source currents I Mg1 = I Mg2 = 0.1 A, P Ar = 3.5 × 10 −2 Pa, the distance between samples and cathode arc targets 400 mm, and the total deposition time 60 min. During deposition, substrate temperature T s was approximately 245 °C.
Characterization of the coating. Structural characterization of the deposited films was carried out by X-ray diffraction (XRD, Rigaku D/Max 2500PC, Tokyo, Japan) with Cu-K α radiation. The XRD pattern was made with MDI Jade 5.0 software (Materials Data Inc., CA, USA). The surface morphology and composition were examined by scanning electron microscopy (SEM, HITACHI S-3400N, Japan) equipped with energy dispersive spectroscopy (EDS, Oxford INCA energy 300).
In vitro degradation tests. The samples were immersed in Hank's solution (8.00 g/l NaCl, 0.40 g/l KCl, 0.12 g/l Na 2 HPO 4 , 0.06 g/l KH 2 PO 4 , 0.14 g/l CaCl 2 , 0.20 g/l MgSO 4 , 0.35 g/l NaHCO 3 and 1.00 g/l glucose) for 7 days at 37 ± 0.5 °C with the immersion ratio of 1.25 cm 2 /ml and 0.2 g/ml for 3D printing porous cylinder according to ISO 10993-12. The immersion solutions were refreshed everyday to simulate the in vivo condition. The pH value of the solutions was recorded during the immersion process at intervals. Besides, the total release of Mg ions in the extracts were estimated using atomic absorption spectrophotometer (AAS, Hitachi Z2000, Japan) with the Hank's solution as a medium control. All the tests were performed in triplicate.
Cell culture. Mouse preosteoblast cells (MC3T3-E1) were gifts offered by the Center Laboratory for Tissue Engineering, College of Stomatology, Fourth Military Medical University, Xi'an, China 39 . The MC3T3-E1 cells were cultured in a condition of 5% CO 2 and 37 °C using α -MEM complete medium supplemented with 10% heat-inactivated fetal bovine serum, 100 mg/ml streptomycin and 100 U/ml penicillin, as described in our previous study 40 . The medium was changed every other day thereafter.
Cytotoxicity and cell proliferation experiments. Cellcytotoxicity and proliferation were evaluated using cell counting kit-8(CCK-8, Dojindo, Japan). The MC3T3-E1 cells were incubated and seeded on the samples (magnesium porous Ti6Al4V with and without magnesium coating) in 24-well plates at a density of 4 × 104 cells per well in the previously described medium. The samples were cultured for 1, 4, and 7 days. The culture medium was used as negative control. After cultivation to each time point, all the samples digested with trypsin-EDTA solution were then transferred to new 24-well culture plates. A 10% volume of the medium CCK-8 solution was then added to the wells and incubated at 37 °C for 2 h. After the reaction, 100 μ L of the reaction solution was transferred to a new 96-well plate, and the optical density was measured at 450 nm by a microplate reader 41 . All the experiments were performed in duplicate wells and repeated three times.
Animals and surgical procedures. For in vivo experiments, bare porous Ti6Al4V (group A) and magnesium coated porous Ti6Al4V (group B) samples were implanted into the lateral femoral epicondyle of male New Zealand white rabbits. Twenty-four rabbits with an average weight of 3 ± 0.5 kg were randomly divided into two groups according to the different implanting materials (n = 12 in each group). The surgical procedures were performed as described previously 40 . The rabbits were narcotized with 0.5 mg·kg −1 acepromazine and 10 mg·kg
ketamine via intravenous injection. The surgical areas were shaved and sterilized, and an incision about 1 cm long was made to expose the lateral femoral epicondyle. After exposed the lateral femoral epicondyle, a cylindrical defect (6 mm in diameter and 8 mm in length) was drilled. Then the scaffold materials were randomly inserted into the defects. After sufficient irrigation with normal saline, the wound was closed layer by layer. Antibiotics were intramuscularly injected postoperatively twice for 3 days to prevent wound infection. The rabbits were sacrificed by intravenous injection with an overdose of anaesthetic at 4 and 8 weeks post-operation, and the implants were harvested and soaked in 75% ethanol for further analysis. Fluorochrome labelling. Sequential fluorochrome markers were administered to monitor the mineralization process of new bone formation. At 2 weeks and 3 days prior to sacrifice day, the animals were injected with tetracycline (50 mg/kg) and calcein (25 mg/kg), respectively. After the animals were sacrificed by intravenous injection with an overdose of anaesthetic, samples were obtained and fixed in 75% ethanol for two weeks before fluorescence analysis. This method was described in our previous work 41 .
Micro-computed tomography (Micro-CT) evaluation. In order to evaluate the new bone formation
around the implants, all the samples (n = 12 in each group) were fixed in 75% ethanol for two weeks, and then scanned by Micron X-ray 3D Imaging System (Y. Cheetah, Germany). The X-ray source voltage was set at 90 kV, and the beam current was 50.0 μ A. The area of the samples was selected as the region of interest (ROI). The 450 projections were reconstructed using a modified parallel Feldkampalgorithm, and segmented into binary images (12-bit TIF images). The percentage of new bone volume out of ROI (BV/TV) was calculated using VG Studio MAX software with beam hardening correction which can decrease metal artifacts in micro-CT results. The thresholds were set at 200-1399 for new bone and 1400-4100 for implants, respectively.
Histological examination and quantitative histological analysis. After micro-CT evaluation, the samples were dehydrated in a graded series of ethanol (80-100%) and cleared with toluene, and then embedded in methylmethacrylate to polymerize. After polymerization, a Leica cutting and grinding system (Leica Microtome, Wetzlar, Germany) was used to obtain approximately 70-mm-thick serial transverse sections. Before histological staining, the sections were observed under a fluorescence microscope (Penguin 600CL, Pixera). Then, the sections were stained with 1.2% trinitrophenol and 1% acid fuchsin (Van Gieson staining) and examined under a standard light microscope (Leica LA Microsystems, Bensheim, Germany) equipped with a digital image capture system (Penguin 600CL, Pixera). Bone and scaffold materials were measured with the help of a digital image analysis system (Image-ProPlus software, Silver Spring, USA). Bone and scaffold material volumes were calculated and compared statistically based on Van Gieson staining.
Statistical analysis.
The quantitative results were presented as the means ± SEM for each group. A one-way ANOVA test was used to perform the statistical analysis among different groups using PASW Statistics 19.0 software (SPSS Inc., Chicago, USA). P < 0.05 was considered statistically significant. GraphPad Prism 6.0 software (GraphPad Software Inc., La Jolla, USA) was used to plot graphs.
Results and Discussions
Characterization of magnesium coating. Figure 2 shows the surface and cross-sectional morphologies of the coating obtained by arc ion plating on Ti6Al4V substrate. The deposited film grew more densely with a smoother surface and no defect was observed. The coating consisted of uniform Mg grains with size of about 1 μ m. It was reported that the grain size was controlled by the deposition pressure of the total reactor 42 . At a low pressure (P Ar = 10 −2 MPa) it would yield a higher nucleation rate, which resulted in a higher number of grains but of a smaller size. The thickness of the coating was approximately 5 μ m. According to the EDS and XRD results (Fig. 3) , pure magnesium was observed on the surface of Ti6Al4V substrate.
In vitro degradation. The variations of pH value of magnesium coatings on bulk and 3D printing porous samples compared with Ti6Al4V substrate during immersion periods in Hank's solution are presented in Fig. 4(a) . The pH value after 1 day immersion quickly reached to about 10, which was due to the accumulation of OH − ions when the Mg(OH) 2 was produced on surfaces of the samples. Then the trends of the pH values of the coatings were all on a gradual descending with extending the immersion time to 7 days. Severe degradation led to more consumption of magnesium on the surface of samples, which resulted in the decrease of the pH values. Whereas, the pH value of Ti6Al4V substrate always kept a low level of approximately 8. There was no significant discrepancy between the pH variation of magnesium coating on the bulk sample and 3D printing porous sample. Moreover, the magnesium ions released from the coating during different immersion periods showed a rising tendency, and with the immersion time the accumulation of magnesium ions releasing gradually increased to about 73 ppm after 7 days immersion, indicating a continuous releasing due to the degradation of magnesium.
In vitro cytotoxicity and cell proliferation. MC3T3-E1 cell cytotoxicity and proliferation were evaluated by the CCK-8 assay. After incubation with Mg coated porous Ti6Al4V and bare porous Ti6Al4V, as well as sole culture medium for 1 day and 4 days, cell proliferation showed lower on the Mg coated porous Ti6Al4V than the bare porous Ti6Al4V and sole culture medium (both P < 0.05). However, after incubation for 7 days, cell proliferation on samples co-cultured with Mg coated porous Ti6Al4V was much higher than those with bare porous Ti6Al4V and sole culture medium (both P < 0.05), as shown in Fig. 5 . The bare porous Ti6Al4V and sole culture medium have no obvious difference on MC3T3-E1 cell cytotoxicity and proliferation at each time point (both P > 0.05). These results indicate that the Mg coated porous Ti6Al4V might suppress the MC3T3-E1 cell proliferation before day 4 compared with bare porous Ti6Al4V, nevertheless, it could improve the MC3T3-E1 cell proliferation after day 4. Fluorochrome labelling. Fluorescent labelling was evaluated on Mg coated porous Ti6Al4V and bare porous Ti6Al4V, as shown in Fig. 6 . Yellow lines indicate the newly deposited calcification with calcein, whereas the green lines indicate the deposition of new calcification with tetracycline. The interval between the two lines represents the rate of newly deposited calcification, which indicates the new bone formation rate. Quantitative analysis of the fluorochrome marker intervals revealed that calcification deposition was significantly higher in Mg coated porous Ti6Al4V than that in bare porous Ti6Al4V at both 4 weeks (Fig. 6a1,a2 ,b1 and b2) and 8 weeks (Fig. 6c1, c2, d1 and d2 ) post-operations. At 4 weeks, the calcification deposition on Mg coated porous Ti6Al4V was higher than that on bare porous Ti6Al4V. Moreover, after implantation for 8 weeks, the difference was much higher than 4 weeks. Furthermore, both groups exhibited increased calcification deposition throughout the study.
Micro-CT evaluation.
Typically reconstructed 3D stereoscopic pictures of scaffolds and the growth of newly formed bone into scaffolds were obtained by Micro-CT scan. The new bone ingrowth was evaluated at 4 weeks and 8 weeks after implantation (Fig. 7) . The cross sections and the 3D reconstruction images are shown in Fig. 7A2,A3 ,B2,B3,C2,C3,D2,D3 and A-D. The newly formed bone tissue was observed to integrate into two kinds of scaffolds implants, and the values of regenerated bone volume/total volume (BV/TV) increased during the study of both bare porous Ti6Al4V and Mg coated porous Ti6Al4V. Additionally, quantitative volumetric analysis revealed that the BV/TV of Mg coated porous Ti6Al4V (group A) (Fig. 7A1-A3 ) was higher than that of bare porous Ti6Al4V (group B) (Fig. 7B1-B3 ) at 4 weeks after implantation (P < 0.05). After implantation for 8 weeks, the new bone formation was significantly higher in group A than that in group B, and the difference was statically significant (P < 0.05).
Histological examination of new bone formation. No gas was found near the soft tissue around the defect and scaffolds. Van Gieson staining was performed in histological analysis to assess the osteogenesis and osteointegration of the bare porous Ti6Al4V (group A) and Mg coated porous Ti6Al4V (group B) at 2, 4 and 8 weeks after implantation. The quantitative analysis results showed that trabeculae of the regenerated bone grew into the scaffolds in both bare porous Ti6Al4V (group A) and Mg coated porous Ti6Al4V (group B). At 2 weeks after implantation, a small amount of new bone was observed near the edge of the scaffolds and abundant connective tissue was found to be filled in the center of the scaffolds in both groups. There was no significantly difference between these two groups (P > 0.05). After implantation for 4 weeks, more trabeculae of the regenerated bone grew into the scaffolds in both groups, and group B have more regenerated bone than group A (P < 0.05). At 8 weeks, the new bone increased and connective tissue decreased in both groups. Moreover, newly formed bone in group B was much more than that in group A (P < 0.05). Notably, newly formed bone was observed to grow deep into the scaffold in Mg coated porous Ti6Al4V while newly formed bone was confined near the edge of the scaffold and few grew deep into the scaffold in bare porous Ti6Al4V (Fig. 7E1-F3) . The above results revealed that the Mg coating substantially improved the osteogenesis and osteointegration properties of porous Ti6Al4V scaffolds.
Discussion
The porous titanium and its alloy with controllable geometry, pore size and porosity are the materials of choice for mostendosseous implants in dental and orthopaedic bone defect clinical uses [43] [44] [45] [46] . Bone healing and growing into titanium implant is recognized to follow a sequential and overlapping series of events including osteoblastic lineage attachment and cell proliferation, differentiation which eventually lead to bone tissue regeneration 47 . Nevertheless, how to improve the osteointegration and osteogenesis properties of these porous titanium and its alloy is still a major concern for their clinical applications [8] [9] [10] [11] . Magnesium and its alloys have been considered as a revolutionary biodegradable implant material and are widely studied recently as a new type of biomedical materials due to the prominent advantages in mechanical property, biodegradability and biocompatibility [48] [49] [50] . However, the major drawbacks which limit the clinical use of magnesium and its alloys are fast initial degradation rate and low mechanical strength support which mismatch with the new bone formation in bone defect 48 . In this study, we combined the advantages of both magnesium and titanium and its alloy, trying to limit the disadvantages as much as possible. Instead of using as substrate, magnesium was fabricated as the coating on porous titanium alloy (Ti6Al4V) scaffold surfaces through arc ion plating method, which was proved with fine grain size and high film/substrate adhesion. A high purity Mg (99.99%) target was used to bombard and sputter the substrate surface with a constant target arc current of 50 A, PAr = 3.5 × 10 −2 Pa for 5 min. The current density was in the range of 0.12~0.16 A. During deposition, a pulsed power source superimposed a negative pulse bias to Previous studies showed that magnesium and its alloy could corrosion in vitro and increased the pH of the culture medium, which would be harmful to the cell survival 50 . Cytotoxicity test serves as an important indicator for quickly detecting the biocompatibility of Mg coated porous Ti6Al4V scaffold. In theory, no metals have an unlimited intake in the human body. Many alloying elements may cause toxic reactions beyond the tolerance limit 51, 52 . The biocompatibility of developed Mg coated porous Ti6Al4V scaffold is influenced by the amount of the released magnesium element, which is related to the corrosion rate of the Mg coated porous Ti6Al4V scaffold in the application environment 48 . In this study, in vitro degradation tests including cell cytotoxicity and proliferation were evaluated (Figs 4 and 5) . The pH value after 1 day immersion quickly reached to about 10, which was due to the accumulation of OH − ions from the Mg(OH) 2 produced on the surfaces of the samples. After 4 days immersion, the pH value decreased to approximate 8 and became relatively stable subsequently. Whereas, the pH value of Ti6Al4V substrate always kept at a low level of approximately 8. These results revealed that the Mg coating might corrosion relatively rapid in the first 4 days after immersion but became stable and slow after 4 days of immersion. MC3T3-E1 cell cytotoxicity and proliferation were evaluated by the CCK-8 assay. After incubation for 1 day and 4 days, cell proliferation was lower on the Mg coated porous Ti6Al4V than the bare porous Ti6Al4V. However, the situation was reversed at 7 days cultivation. Cell proliferation on the Mg coated porous Ti6Al4V was much higher than that on the bare porous Ti6Al4V (Fig. 5) . These results indicate that the Mg coated porous Ti6Al4V might suppress the MC3T3-E1 cell proliferation before 4 days compared with the bare porous Ti6Al4V. Nevertheless, Mg coated porous Ti6Al4V could improve MC3T3-E1 cell proliferation after 4 days.
Mg coating corrosion is the production of magnesium hydroxide and hydrogen gas. With exposure to high chloride concentrations such as in a physiological environment, Mg(OH) 2 reacts with chloride ions to produce MgCl 2 , which is highly soluble 53 . This promotes the rapid dissolution of the Mg coating, with the subsequent production of hydrogen gas and hydroxide ions. The surface roughness of Mg coating influences the corrosion rate in the physiological environment. Meanwhile, the corrosion behavior change on different physiological environments such as solutions as well as anion types and concentrations 54 . Corrosion in pure water and in basic solutions is relatively slow. However, the corrosion rate must be considerable in a liquid chloride and in acid solutions.
Apart from the in vitro evaluation about the scaffolds, the in vivo new bone regenerating ability of both scaffolds was detected. A defect model of rabbit femoral condylar was developed to investigate the osteogenesis and osteointegration properties of Mg coated porous Ti6Al4V and bare porous Ti6Al4V scaffolds in vivo. Fluorescent labelling results revealed that the porous Ti6Al4V coated with Mg had higher newly deposited calcification rate than the bare porous Ti6Al4V at both 4 weeks and 8 weeks post-operation (Fig. 6) . Furthermore, both groups exhibited increased calcification deposition throughout the study. Typically reconstructed 3D stereoscopic pictures of newly formed bone growing into scaffolds were obtained by Micro-CT scan. The value of newly regenerated bone volume/total volume (BV/TV) on the Mg coated porous Ti6Al4V was higher than that on the bare porous Ti6Al4V at 4 weeks and 8 weeks after implantation (Fig. 7) . Furthermore, Van Gieson staining was performed in histological analysis and revealed that trabeculae of the regenerated bone grew into the scaffolds and no gas was found near the soft tissue around the defect and scaffolds. More trabeculae of the regenerated bone and less connective tissue grew into the scaffolds throughout the study, and newly formed bone on the Mg coating porous Ti6Al4V was much higher and grew deeper into the scaffold than the bare porous Ti6Al4V after implantations for 4 weeks and 8 weeks (Fig. 8) . The above results revealed that the Mg coating substantially improved the osteogenesis and osteointegration properties of porous Ti6Al4V scaffolds.
The degradation of Mg coating could release the magnesium ion in the implant area which recruit a sequential and overlapping series of events including osteoblastic lineage attachment and cell proliferation, differentiation which eventually lead to bone tissue regeneration. The magnesium ion released from the coating could transport to the periosteal region through Harversian's or Volkmann's canals since the diameter of magnesium ion (< 300 pm) is much smaller than that of Harversian's or Volkmann's canals 55 . The bone cells were recruited to the surface and inside of the titanium alloy and facilitated the new bone formation.
Thus, in this work, we herein demonstrate that the Mg coated porous Ti6Al4V has suitable corrosion rate and biocompatibility in vitro, and has better osteogenesis and osteointegration properties than the bare porous Ti6Al4V in vivo. Further study of osteogenesis about Mg coated porous Ti6Al4V in vitro and longer time observation of new bone formation in vivo need to be investigated.
Conclusion
In this study, bioactive Mg coating was successfully fabricated on porous Ti6Al4V by arc ion plating, which was proved with fine grain size and high film/substrate adhesion. Furthermore, the in vitro study showed that the Mg coated porous Ti6Al4V had suitable corrosion rate and biocompatibility. Moreover, in vivo studies including fluorescent labelling, Micro-CT scan and Van Gieson staining indicated that the Mg coated porous Ti6Al4V had better osteogenesis and osteointegration properties than the bare porous Ti6Al4V.
